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ABSTRACT

Extending the time scales accessible through direct
molecular dynamics simulations is an area of active re-
search. New acceleration techniques promise to achieve
experimentally relevant time scales. A common ingre-
dient in many of these acceleration schemes is the clear
identi�cation of the current state of a system in the pres-
ence of strong thermal noise. Furthermore, the detection
of transitions, and precise determination of transition
times, also presents challenges.

We exploit a wavelet-based technique for detecting
temporal features in molecular dynamic simulations, in-
cluding the detection of meta-stable structures and tran-
sition events. The properties of a wavelet basis allow the
detection of features over multiple time scales. The de-
tails of our implementation allow the detection of tem-
poral features to be computationally eÆcient and possi-
ble during an ongoing molecular dynamics simulation.
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1 INTRODUCTION

Molecular dynamics (MD) simulations can study im-
portant physical processes such as the evolution of mate-
rial defects. The advantage of MD methods is that no a

priori assumptions need be made regarding the relevant
mechanisms. Currently the total simulation time ac-
cessible with conventional MD simulations remains lim-
ited to less than a microsecond. Extending MD sim-
ulations to experimentally relevant time scales repre-
sents an ongoing challenge in computational physics,
especially when the underlying dynamics is dominated
by thermally activated, infrequent events. Signi�cant
progress towards extending the time scales of MD sim-
ulations has been made using novel acceleration tech-
niques [1]{[3].

The parallel-replica method [2] uses multiple proces-
sors for statistically independent simulations of a sys-
tem starting from the same initial state. A transition
to a new state occurring on any one of the processors
causes all simulations to be reset to this new state. With
the appropriate accounting algorithm, the accumulated
time over all processors may be used for an estimate

of the transition time, and in this way, the accessible
simulation time is boosted by the number of available
processors.

The temperature accelerated dynamics (TAD) method
[3] extends the simulation time by running the MD sim-
ulation at high temperature to accelerate the thermally
induced transitions. These high-temperature transition
times are then extrapolated to equivalent low temper-
ature transition times using certain assumptions based
on harmonic transition state theory. With the appropri-
ate accounting algorithm, simulation time is e�ectively
extended.

An underlying assumption of these acceleration tech-
niques is transition state theory, where the dynamics are
viewed as proceeding through an infrequent thermal ac-
tivation from one potential energy basin to another. A
requirement in the implementation of these and other
acceleration techniques is the ability to determine what
state a system is in and to detect with precision when a
transition has occurred.

These tasks can be diÆcult in even simple systems.
The thermal noise, which must be present to induce
a transition, makes the con�guration of the system at
any time step unrecognizable as a well-de�ned state or
structure. A common method to resolve this problem
is to periodically stop the MD simulation and relax the
system. These periodic stop-and-quench operations can
be costly, resulting in a trade-o�: the less frequent the
stop-and-quench operations, the less precision one has
in identifying transition times. For optimum eÆciency
with these methods, one needs to impose an assumption
about likely transition times. This stop-and-quench ap-
proach will be compromised by systems with multiple re-
action mechanisms and substantially di�erent transition
times, as well as rapid, dynamically correlated events.

2 REAL-TIME MULTIRESOLUTION

ANALYSIS

We propose to resolve the diÆculties in identifying
structures and in determining the state of the system,
as well as detecting transition events, using the tech-
nique of real-time multiresolution analysis (RTMRA). A
wavelet-based detection scheme is constructed to detect
meta-stability and transitions in the atomic coordinates



of the system. Formally, the time series correspond-
ing to each atomic coordinate, x(t), is expanded upon a
wavelet basis,
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where �n(t) = �(t � n) and  mn (t) = 2m=2 (2mt � n)
are the scaling functions and wavelets, respectively, from
which the wavelet basis is constructed. Here, �(t) and
 (t) are, respectively, the mother scaling function and
wavelet used to generate a particular wavelet basis set.
The wavelet basis constructed by Haar [4] is used in this
work for its simplicity and strict relationship to local
averages. Simply described, a scheme is constructed to
examine the magnitude of wavelet expansion coeÆcients
for indications of temporal features associated with local
stability and transition.

The dilational symmetry of the basis set allows the
detection of these temporal features to be performed
over multiple time scales. No a priori assumption are re-
quired regarding the characteristic time scales involved
in the overall dynamics.

In theory, if the magnitude of all wavelet expan-
sion coeÆcients are found to be below a predetermined
threshold, it may be concluded that (1) over the corre-
sponding time interval, the system is meta-stable and
stochastically sampling a well-de�ned potential energy
basin, and (2) the average con�guration of the system
over this time interval will closely approximate the lo-
cal minimum energy con�guration that would be found
through relaxation. Conversely, if the magnitude of any
wavelet expansion coeÆcient is found to be above a cer-
tain predetermined threshold, it may be concluded that
the system is in transition over this time interval, mov-
ing from one potential energy basin to another.

In Theory, the use of wavelet analysis to identify
temporal features in molecular dynamics simulations is
straightforward. However, to be eÆcient, great care
must be exercised in the implementation.

Figure 1 shows schematically the integration of these
RTMRA techniques with an existing MD code. The
original MD code is essentially retro�t with these tech-
niques by replacing the previous \write" statements,
recording the atomic positions, with calls to the time-
domain RTMRA algorithm. A critical component in
this algorithm is the real-time wavelet transform (RTWT)
used to incrementally generate the wavelet expansion co-
eÆcients. This RTWT is more eÆcient than the more
conventional fast wavelet transform and is capable of
treating streaming data with minimal overhead. The
time-domain RTMRA manages the ow of wavelet ex-
pansion coeÆcients to the detection algorithms. This
task is complicated by the varying rates at which the hi-
erarchy of wavelet expansion coeÆcients are generated.
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Figure 1: Integration of RTMRA techniques with an ex-
isting MD code for run-time temporal feature detection
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